Biosynthesis of proteinogenic amino acids in the extremely halophilic archaeon Haloarcula hispanica was explored by using biosynthetically directed fractional 13 C labeling with a mixture of 90% unlabeled and 10% uniformly 13 C-labeled glycerol. The resulting 13 C-labeling patterns in the amino acids were analyzed by two-dimensional 13 C, 1 H correlation spectroscopy. The experimental data provided evidence for a split pathway for isoleucine biosynthesis, with 56% of the total Ile originating from threonine and pyruvate via the threonine pathway and 44% originating from pyruvate and acetyl coenzyme A via the pyruvate pathway. In addition, the diaminopimelate pathway involving diaminopimelate dehydrogenase was shown to lead to lysine biosynthesis and an analysis of the 13 C-labeling pattern in tyrosine indicated novel biosynthetic pathways that have so far not been further characterized. For the 17 other proteinogenic amino acids, the data were consistent with data for commonly found biosynthetic pathways. A comparison of our data with the amino acid metabolisms of eucarya and bacteria supports the theory that pathways for synthesis of proteinogenic amino acids were established before ancient cells diverged into archaea, bacteria, and eucarya.
Halophilic archaea are aerobic chemo-organotrophs that grow on a variety of carbon sources. The central carbon metabolisms of some species are relatively well explored (15, 50), while comprehensive investigations of amino acid metabolism have so far been pursued only for organisms belonging to other phylogenetic groups (40) within the domain of the archaea (76), i.e., various methanogens (22, 24, 25, 61) and the anaerobic, extremely thermophilic Thermoproteus neutrophilus (54). These studies indicated that most amino acids in thermophilic and methanogenic archaea are synthesized via pathways that had previously been described for bacteria and eucarya (27, 46, 68, 69 ). An extension of such studies to halophilic archaea is thus of interest for obtaining new insights into the evolution of carbon metabolism in general. Furthermore, organisms living under extreme environmental conditions (extremophiles) are gaining increasing importance for biotechnological applications (17) and the analysis of their metabolism constitutes a prerequisite for possible future metabolic engineering (2).
In this paper we investigated amino acid biosynthesis in the halophilic archaeon Haloarcula hispanica. H. hispanica was selected for its potential biotechnology interest, since it can efficiently use glycerol for amino acid synthesis (31). We primarily employed biosynthetically directed fractional 13 C labeling (53, 58, (63) (64) (65) (66) 77 ) with glycerol as the sole carbon source, combined with two-dimensional (2D) 13 C, 1 H correlation nuclear magnetic resonance (NMR) spectroscopy for the analysis of the resulting nonrandom 13 C-labeling patterns. In this approach, contiguous carbon fragments arising from a single carbon source molecule are traced through a cellular bioreaction network. Since the patterns of intact carbon fragments observed for a given metabolite are very often different depending on which pathway is employed for its synthesis, we are able to analyze both the topological structure of the bioreaction network, i.e., the locations of nodes at which one substance is either a substrate for two branching reactions or a product of two converging reactions, and the relative contributions of alternative pathways to the generation of amino acids (63, 64, 66) .
MATERIALS AND METHODS
Labeling strategy. The biosynthetic pathways were explored by biosynthetically directed fractional 13 C labeling of the proteinogenic amino acids (53, 58, (63) (64) (65) (66) 77) , with glycerol as the sole carbon source. Fractional 13 C labeling was achieved by growing H. hispanica in a minimal medium containing approximately 10% uniformly 13 C-labeled glycerol and 90% glycerol containing 13 C at natural abundance. Incorporation of intact two-or three-carbon fragments from the uniformly 13 C-labeled carbon source leads to nonrandom 13 C-labeling patterns in the amino acids. These are identified from 13 CO 13 C scalar-coupling fine structures in 2D 13 C, 1 H correlation spectroscopy (COSY) (11). With a set of probabilistic equations (63), the observed 13 C fine structures then yield the relative abundances of intact glycerol carbon fragments in the carbon skeletons of the amino acids. This approach allows for a comprehensive analysis of the bioreaction network (63, 64, 66) . Cells were grown in a batch culture and harvested in the mid-exponential and the early stationary phases in order to assess possible changes of the metabolic state during growth. Since all relevant peaks of the individual amino acids are well resolved in the 2D NMR spectrum, a separation of the amino acids prior to NMR analysis is not required (63) (64) (65) (66) 77) . To verify the threonine pathway for isoleucine biosynthesis, the labeling experiment was repeated with a growth medium containing [ 13 C 4 ]threonine instead of [ 13 C 3 ]glycerol, which allowed us to directly trace the incorporation of 13 CO 13 C units from threonine into isoleucine. Growth of the organism and sample preparation. By following the protocol developed in reference 49, H. hispanica (31) was grown in a medium containing, per liter, 200 g of NaCl, 36 g of MgSO 4 ⅐ 7H 2 O, 6 g of Tris base, 4 g of KCl, 1 g of CaCl 2 ⅐ 2H 2 O, 2 ml of FeSO 4 ⅐ 7H 2 O (0.4% in 1 mM HCl), 2 ml of K 2 HPO 4 (5% in distilled water), and 5 ml of NH 4 Cl (20% in distilled water). Glycerol (20 ml, 25% in water) was added, and the pH was adjusted to 7.5 with HCl prior to sterilization (filter pore size cutoff, 0.45 m). In the standard experiments, 10% of the glycerol was uniformly 13 C labeled. In the experiment with 13 C-labeled threonine, no labeled glycerol was used and 307 mg of [ 13 C 4 ]threonine per liter was added under otherwise identical conditions. Cells were grown in six 35-ml cultures that were shaken at 100 rpm in 100-ml Erlenmeyer flasks for 7 days at 40°C until the early stationary phase was reached. Cells from cultures in the
